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Dynamic Characteristics of a Fast-Response Aerosol Size
Spectrometer
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The fast integrated mobility spectrometer (FIMS) is a highly
sensitive instrument with a fast response time. The time response
of the FIMS is limited by the mixing of the aerosol in the inlet of
the instrument, which ‘smears’ the detected aerosol over a range
of time. The response time is also limited by the different transit
times that particles experience in the instrument due to differences
in particle classification trajectories. Experiments show that the
difference in particle transit times can be corrected using a simple
model of the particle trajectories. Furthermore, the ‘smearing’ ef-
fects in the inlet can be corrected by de-convolving the time series
of particle counts (the temporal de-convolution) in each size bin
before inverting the data. The dynamic response of the FIMS was
investigated by measuring an aerosol subjected to a step-change
and sinusoidal-change in number concentration. The attenuation
of the FIMS signal, without using the temporal de-convolution, was
measured with and without an aerosol neutralizer in the FIMS in-
let. Due to its large internal volume, the neutralizer significantly
slows down the time response of the FIMS when installed in the
inlet. For a sinusoidal signal at 0.33 Hz, the measured attenuation
of the FIMS without the neutralizer was 56% versus an attenu-
ation of 82% when the neutralizer was used. When the temporal
de-convolution was applied at the same frequency, the FIMS was
able to capture the full variation of the aerosol size distribution;
however the random noise in the derived size distribution was am-
plified.

1. INTRODUCTION
The measurement of sub-micron aerosol size distributions

is required in a number of applications in aerosol science. In
many applications, the aerosol is transient in nature and it must
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be measured with an instrument with a fast time response. For
example, in the measurement of particle fluxes using the eddy
covariance technique, a fast instrument must be used to capture
the rapidly changing aerosol due to turbulent transport (Buzorius
et al. 2000). Furthermore, for measurements onboard fast mov-
ing platforms such as aircraft, measurements with high time
resolution are required to capture the spatial variation of the
aerosol size distribution.

The fast integrated mobility spectrometer (FIMS) has re-
cently been developed for the rapid measurement of aerosol
size distributions. The concept and theory of the FIMS were
presented by Kulkarni and Wang (2006a) and a prototype FIMS
has been characterized in terms of its sizing accuracy, transfer
function, and counting statistics (Kulkarni and Wang 2006b). An
inversion routine has been developed to derive aerosol size dis-
tribution through de-convolving FIMS mobility measurements,
and it has been shown that the FIMS can accurately measure
aerosol size distributions (Olfert et al. 2008). The purpose of
this work is to analyze the dynamic characteristics of the FIMS
so that the capability of the FIMS, in terms of transient mea-
surements, can be understood. In this work, the response of the
FIMS to transient aerosol distributions is measured; from which
the error in the transient measurement can be determined as a
function of the rate of change in the aerosol concentration. The
experimental results show that the distortion of measured size
distribution (often referred to as smearing effect in the litera-
ture) due to the non-uniform flow field inside the FIMS inlet is
one of the major limitations of its time response. Based on the
characterized response of the FIMS, a temporal de-convolution
(sometimes referred to as a “de-smearing” technique in the lit-
erature) was applied to correct the “smearing effect” and to re-
duce or eliminate the transient error in the measurement of a
rapidly changing aerosol. Similar temporal de-convolutions of
data from the condensation particle counter (CPC) in a scanning
mobility particle sizer (SMPS) system have been used to im-
prove the inversion of SMPS data (Russell et al. 1995; Collins
et al. 2002). This work is also of importance to the aerosol com-
munity in general, as the analyses and techniques presented in
this work can be applied to studying the dynamic characteris-
tics of other fast-response aerosol spectrometers and first-order
instruments.
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2. OPERATING PRINCIPLE OF THE FIMS
The operating principles of the FIMS have been de-

scribed in detail by Kulkarni and Wang (2006a). Figure. 1
shows a schematic of the FIMS, which is comprised of
an aerosol neutralizer, separator, condenser, and detector.
The aerosol enters the FIMS through a bipolar radioactive
neutralizer, where the particles receive a bi-polar equilibrium
charge distribution. The aerosol then enters the separator through
a very narrow slit, which distributes the aerosol flow evenly
across the channel. A butanol-saturated sheath flow carries the
particles downward through the separator where an electrostatic
field causes the charged particles to be separated into different
flow streams based on their electrical mobility. After classifica-
tion, the particles are then carried by the sheath flow into the
condenser, where no electric field is applied. The walls of the
condenser are cooled electrically causing butanol to condense
on the particles, which grow into super-micrometer droplets. At
the exit of the condenser, a laser sheet illuminates the grown
droplets, and their images are captured by a high-speed charge-
coupled device (CCD) camera operating at speeds up to 60 Hz.

FIG. 1. Schematic of the fast integrated mobility spectrometer.

The images provide not only the particle number concentration,
but also the particle position, which is related to the particle elec-
trical mobility from which the particle size can be determined
through data inversion. Similar to other electrical mobility based
measurements, FIMS measurements are convoluted due to the
imperfect instrument response function and particle multiple
charging. The inversion routine, which derives aerosol size dis-
tributions through de-convolving FIMS mobility measurements,
is described in detail by Olfert et al. (2008). In the inversion rou-
tine, the particles counted on each image are grouped into a num-
ber of mobility size bins (typically 10) that are equally spaced
in terms of their logarithm. The dimensions and operating con-
ditions of the FIMS used in this work are presented in Table 1.

3. CORRECTING THE RECORDED DATA FOR FAST
TRANSIENT MEASUREMENTS

Although the FIMS camera can be operated at frame speeds
up to 60 Hz, the time resolution of FIMS measurements is lim-
ited by non-uniform flow fields and flow mixing that leads to
transient errors and the distortion of derived size distribution in
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TABLE 1
Dimensions and operating conditions of the FIMS

Dimension or Operating Condition Value

Distance between separator electrodes, a 11.18 mm
Width of channel, b 127.0 mm
Length of separator, ls 112.1 mm
Length of condenser, lc 319.3 mm
Sheath flow rate, Qsh 13.4 L/min
Aerosol flow rate, Qa 0.268 L/min
Separator electrode voltage, V 700 V
CCD camera frame rate 10.0 Hz

transient measurements. An ideal aerosol spectrometer would
measure the exact aerosol size distribution at the instant it was
sampled. In reality, all in-situ aerosol spectrometers must sample
the aerosol through some kind of inlet (which usually includes a
sample line), that produces a time delay in the measured data, but
more importantly it may also cause mixing of the aerosol sample
due to non-uniform flow fields and flow mixing inside the inlet.
This mixing will result in particles being detected at different
times relative to the time they were sampled, which distorts the
measured size distribution of rapid changing aerosols. Further-
more, the particle transit time inside the FIMS separator and
condenser is a function of particle size, which causes particles
of different sizes to be detected at different times relative to the
time they enter the separator.The inlet configuration typically
used on the FIMS is shown in

Figure. 2a. The aerosol is sampled through a sampling tube
and a neutralizer before it enters the separator through a narrow
slit in the separator wall. The mixing of the aerosol within the
inlet, which is defined as the tip of the sampling line to the nar-
row entrance slit of the FIMS, comes from three major sources.
First, mixing of the aerosol within the sampling line occurs due
to the non-uniform laminar flow field in the tube, since the flow
velocities near the tube wall are much smaller than the flow ve-
locity at the center of the tube. This can be greatly reduced if
the flow is turbulent, although this will increase particle losses
in the tube. Second, additional particle mixing can occur within
the neutralizer due to its shape. The current neutralizer used
with the FIMS (Aerosol Neutralizer, Model 3077A; TSI Inc.) is
cylindrical and the abrupt expansion at its entrance and contrac-
tion at its exit generates secondary flows and further enhances
mixing of the aerosol. Third, after the particles pass through
the neutralizer, the particles travel through a tube into a small
manifold and are distributed into the separator through a nar-
row slit entrance (approximately 0.25 mm wide and 127 mm
long). Therefore, particles that are distributed toward the ends
of the slit will enter the separator slightly after particles entering
near the center of the slit, causing additional mixing. In transient
measurements, the mixing described above causes particles to
enter the FIMS entrance slit at different times relative to the time

FIG. 2. Inlet configurations of the FIMS and the CPC.

they were sampled at the inlet tip, which leads to smearing of
the measurement. The smearing effect causes a time-dependant
error in the particle concentration measured in each size bin. If
the mixing of the aerosol sample in the inlet is not accounted
for, it can not only lead to errors in the number concentration of
the size distribution, but also to errors in the characteristic pa-
rameters of the distribution such as the geometric mean diameter
(GMD), geometric standard deviation (GSD), skewness (SKW),
etc. The smearing effect due to the mixing can be corrected by
de-convolving the time series of particle counts in each size bin
as will be shown in section 3.2.

Another factor leading to error in FIMS transient measure-
ments is the difference in transit times of particles inside the
separator and condenser, i.e., from the entrance slit to the detec-
tion plane. The velocity profile of the carrier gas (the sheath flow
plus aerosol flow) is parabolic in the separator and condenser.
Therefore, particles of different electrical mobilities (Z p), which
travel at different trajectories in the separator and condenser, will
have different transit times in the FIMS. If not corrected, this can
lead to error in the determined size distribution. Determining the
transit time of each particle from theory and correcting the parti-
cle detection time can be used to correct this and is shown below.
It is important to point out that the impact of the transit time on
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the measurement is a function of particle mobility, whereas the
smearing effect in the inlet is caused by the non-uniform flow
field, which, to the first order, affects particles with different
mobilities equally.

3.1. Correcting the Transit Time in the Separator
and Condenser

An important consideration in the FIMS inversion is the time
correction to account for the difference in transit times of the
particles with different electrical mobilities. Olfert et al. (2008)
showed that the particle transit time in the separator, ts , is,

ts = a2

ZpV

∼
x∗(Zp), [1]

while the particle transit time in the condenser before it reaches
the detection plane, tc, is,

tc = lcab
6Qt[x̃∗(Zp)(1 − x̃∗(Zp))]

; [2]

where a is the distance between the electrodes, b is the width
of the separator and condenser channel, lc is the distance from
the entrance of the condenser to the detection plane, V is the
voltage difference across the electrodes, Qt is the total flow rate
(the sheath flow rate (Qsh) plus aerosol flow rate (Qa); Qt =
Qsh+Qa), Z p is the particle electrical mobility, and x̃∗(Zp) is the
dimensionless distance from the ground electrode (see Figure 1)
where the particle has been detected (x̃∗(Zp) = x∗(Zp)/a) and
is a function of the electrical mobility of the particle.

Figure. 3 shows a plot of the total particle transit time in the
separator and condenser as a function of the particle detection
position for the operating conditions listed in Table 1, with the
location of the size bins shown for reference. The figure shows
that there is a large difference in transit times between particles
that are detected at the center of the channel (Bin 3 and 4, for ex-
ample) and those near the edge of the channel (Bin 1). To correct

FIG. 3. Total transit time of a particle in the FIMS as a function of its detection
position, x̃∗ = x∗/a, for the operating conditions shown in Table 1.

this, the time each particle entered the separator is calculated us-
ing Equations (1) and (2), and the de-convolution of FIMS mo-
bility measurements is performed on the ‘time-corrected’ data.
This is the inversion technique used in Olfert et al. (2008), and
will be referred to here as the “standard inversion.” The standard
inversion gives the aerosol size distribution at the slit entrance
of the separator, and does not take into consideration of the
smearing effect in the FIMS inlet upstream of the slit entrance.

3.2. Correcting for Aerosol Mixing in the FIMS Inlet
The above time correction accounts for the difference in par-

ticle transit times from the slit entrance to the detection plane.
However, as mentioned above, non-uniform flow fields cause
mixing of the aerosol in the inlet system, which includes the
sampling line, neutralizer, and the entrance manifold. This mix-
ing results in those particles that were sampled at the tip of inlet
at one instant to arrive at the slit entrance at different times. The
smearing due to these effects can be corrected by de-convolving
the time series of particle counts in each size bin (after the tran-
sit time inside the FIMS is corrected for as described in Section
3.1). Similar smearing effects are also found in the SMPS sys-
tem; where, if the voltage scanning time is short, the derived
size distributions can be skewed relative to the true distribution
due to mixing within the CPC. Russell et al. (1995) corrected for
this smearing by deriving an effective system transfer function
used in the inversion of the raw particle counts. Collins et al.
(2002) approached this same problem by first de-convolving the
time series of the raw CPC counts, and then performing the mo-
bility de-convolution (data inversion). A similar technique can
be used with the FIMS, where the raw counts in each size bin
are de-convolved with respect to time and then the mobility de-
convolution is carried out using the inversion routine. Collins
et al. (2002) describes in detail the technique for the SMPS sys-
tem, which was modified for the FIMS and is summarized here.

The particles that enter the FIMS separator slit at one partic-
ular time, t , will be dependant on the number of particles that
entered the FIMS inlet at all previous times. From the analysis
of the digital images and with the application of the time correc-
tion mentioned above, the number concentration of the particles
classified in size bin i , Ci (t), entering the separator through the
slit at time, t , is determined. The unknown concentration, Ri (t ′),
of particles that enter the FIMS inlet (i.e. the entrance of the sam-
pling line) at a previous time, t ′, and later classified in size bin
i , is related to Ci (t), through the convolution equation;

Ci (t) = 1

t

∫ t

0
Ri (t ′)�(t − t ′)dt ′ [3]

where �(t − t ′) is the response function defined as the fraction
of particles that entered the FIMS inlet at time t ′ that entered
the separator through the narrow slit at time, t . �(t − t ′) can be
determined by modeling the expected response of the instrument
due to smearing effects, as shown below.
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The FIMS captures images at a frame rate, ṄF (typically 10
Hz), so the particles counted in one frame will be the number
of particles counted in a time interval, �t , equal to 1/ṄF. Since
the particle count measurements are discrete, Equation (3) can
be approximated with the rectangle rule as,

Ci
m =

n=m∑
n=0

Ri
n�m−n; [4]

where m and n are indices for times t and t ′, respectively (i.e.,
t = m�t and t ′ = n�t).

This can be expressed in matrix form as,

Ci = �Ri . [5]

A model is needed to describe the smearing within the FIMS
inlet so that the response function can be determined. As shown
below with experimental results, the smearing in the FIMS inlet
can be modeled as a first-order system. For a first-order system
(or instrument), the system output (qout) at time, t, to an earlier
input (qin) will follow an exponential decay (Doebelin 1966),

qout(t) = qine−t/τ [6]

where τ is the time constant of the system. Since the FIMS inlet
is a first-order system, Equation (6) can be used to derive the
� function. According to Equation (6), all inputs previous to a
particular time will contribute to the output. In reality, only a
certain number of time bins, p, previous to the time of interest
(m�t) need to be considered, since the contribution of a much
earlier input to the current output is very small. For this work,
we have chosen p to be the nearest integer greater than 3τ /�t .
Using Equation (6), the response function will be:

�mn =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ (m−n)�t
(m−n+1)�t e−t ′/τ dt ′

∫ 0
p�t e−t ′/τ dt ′

= e−(m−n)�t/τ − e−(m−n+1)�t/τ

1 − e−p�t/τ

for m ≥ n andp ≥ (m − n)∫ (m−n)�t
(m−n+1)�t e−t ′/τ dt ′

∫ 0
m�t e−t ′/τ dt ′

= e−(m−n)�t/τ − e−(m−n+1)�t/τ

1 − e−m�t/τ

for m ≥ n and p > m .

0 elsewhere

. [7]

This produces a banded lower-triangular matrix, where the
summation of each row equals unity. The second case in Equa-
tion (7), is used to conserve the particle concentration at the start
of the time series.

Therefore, with Ci and � known, Equation (5) can be solved
to find the de-convolved particle counts in each size bin, Ri .
The equation could be solved directly using forward substitu-
tion; however, random errors in the measurement will be greatly
amplified making the de-convolved time series data extremely

noisy. To reduce the noise, a de-convolution routine with a
smoothing criterion can be used (see Kandlikar and Ramachan-
dran (1999) for a review of inversion methods). In this work
we have used the Twomey method with the same algorithm
used in the inversion of the size distribution, which has pre-
viously been described in detail (Olfert et al. 2008). Since the
data files can be several hours long with hundreds of thousands
of time steps, it is not feasible to solve Equation (5) with the
entire data set. Therefore, the data is temporally de-convolved
in batches of time on the order of 10τ long, where the first 5τ

is not used in order to minimize any effect due to the correc-
tion for the start of the time series (see case 2 in Equation [7]).
In this work, the inversion routine that includes this temporal
de-convolution method (and the correction for the particle resi-
dence time above) will be referred to as the ‘time de-convolved
inversion’.

4. EXPERIMENTAL METHOD
The purpose of this work is to understand the dynamic charac-

teristics of the FIMS in order to (1) understand the limitations and
errors associated with transient measurements with the FIMS;
(2) show that the correction for the particle transit time in the
separator and condenser is accurate; and (3) show that smear-
ing effects of the FIMS inlet can be corrected with the time
de-convolved inversion. An important parameter needed to ac-
complish the first and third goals is the time constant of the FIMS
inlet, τ . In a first-order instrument, the time constant will deter-
mine the transient error of the measured signal due to a transient
input, and as shown in Section 3.2, the time constant is needed
to de-convolve the time series data to account for the smear-
ing effect. The second goal can be accomplished by measuring
the size distribution of an aerosol that is rapidly diluted. When
the aerosol is diluted, the number concentration of the aerosol
will decrease, but the distribution parameters such as geometric
mean diameter (GMD), geometric standard deviation (GSD),
skewness (SKW), etc. will remain constant. Since the particle
transit time inside the FIMS is a function of particle mobility,
rapidly diluting the aerosol will cause a shift in the measured
size distribution, if the data were not corrected. Therefore, if the
size distribution parameters (GMD, GSD, SKW, etc.) derived
using the standard inversion remain constant, then the size bin-
dependant time correction for the transit time in the separator
and condenser will be accurate.

The time constant of a first-order instrument can be deter-
mined by analyzing the response of the instrument to a step
change in the input or by examining the instrument’s frequency
response. Determining the time constant of the FIMS is some-
what complicated by the fact that the FIMS does not measure a
single parameter (such as particle number concentration, etc.),
but a size spectra, which can be expressed in terms of the total
number concentration (N ), geometric mean diameter (GMD),
geometric standard deviation (GSD), skewness (SKW), etc. As
shown earlier, the standard inversion takes into consideration the
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particle transit time inside the FIMS and gives the size distribu-
tion of particles at the slit entrance. The smearing effect of the
inlet is caused by non-uniform flow and flow mixing between
the tip of the sampling line and the slit entrance, which to the first
order, affects particles of different sizes equally. Therefore, the
time constant of the FIMS inlet can be determined by measuring
an aerosol of any size using the standard inversion.

A rapid change in the number concentration of an aerosol can
be achieved by either dilution or electrostatic precipitation (with
a DMA for example). To produce a step change in the number
concentration of an aerosol distribution a serial DMA system can
be used where one DMA produces a narrow distribution and the
second DMA is instantaneously stepped between the same clas-
sification size and a much larger or smaller classification size,
where no particles penetrate. In order to measure the frequency
response of the FIMS, a sinusoidal oscillation in the number
concentration of an aerosol size distribution is used. This can
be achieved by using a DMA to produce a constant aerosol size
distribution and using a controlled blower and filter to rapidly,
and predictably, dilute the aerosol in a sinusoidal manner.

Figure. 4a shows the experimental set-up used to produce a
step change in the number concentration of an aerosol, which
was measured with the FIMS with and without the neutralizer,
and with a condensation particle counter (CPC Model 3025A;
TSI Inc.). The inlet configuration without the neutralizer is given

FIG. 4. Schematic of experimental set-ups used to determine the instrument’s step-response (a) and frequency-response (b).

in Figure 2b. The FIMS measurements were made with and
without the neutralizer because the neutralizer is a major con-
tributor to the overall smearing effect of FIMS inlet due to its
large internal volume. By making measurements with and with-
out the neutralizer, the relative effect of the neutralizer on the
time constant could be determined. In addition, the current TSI
neutralizer geometry and configuration are far from optimal for
transient measurements. The measurements without the neu-
tralizer show the potential of rapid FIMS measurements when
neutralizers with low flow mixing are developed and used. The
CPC was included in the measurements because previous stud-
ies have measured the time constant of the CPC 3025 (Buzorius
2001; Quant et al. 1992; Wang et al. 2002) and the results will
be compared here. In the experiment, sodium chloride (NaCl)
particles are generated in an atomizer (Model 3076, TSI Inc.)
and dried in a silica gel diffusion dryer. A narrow distribution of
particles with a peak at 47 nm was selected with a DMA (Model
3081; TSI Inc.) operating at a sheath flow rate to aerosol flow rate
ratio of 10. The aerosol was then passed through a nano-DMA
(Model 3085; TSI Inc.) with a sheath flow rate of 20 L/min and
an aerosol flow rate of 2 L/min. The voltage on the nano-DMA
was controlled with serial commands to step between the classi-
fying voltage for 47 nm particles (∼7000 V) and the maximum
voltage of 10000 V, where no particles penetrate. A nano-DMA
(with high flow rates) is used as the second DMA to reduce the
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residence time in the DMA (the transit time in the nano-DMA
is 0.12 s). The particles that pass through the nano-DMA are
mixed with particle-free dilution air to increase the flow rate
in the short sampling line that carries the aerosol to the instru-
ments. The flow rate is increased to reduce the residence time
in the sample line and to ensure that the flow in the sample line
is turbulent so that smearing in the sampling line is negligible.
The flow configurations for the FIMS with the neutralizer (Inlet
A), without the neutralizer (Inlet B), and for the CPC are shown
in

Figure. 2. In each set-up, critical orifices control the flow
rate in the sampling line. In both FIMS configurations the total
flow rate in the sampling line was 10.8 L/min and in the CPC
the sampling line flow rate was 10.5 L/min, which resulted in
Reynolds numbers of 3180 and 3090, respectively (i.e., turbulent
flow). When the FIMS was used with the neutralizer (Inlet A),
two critical orifices where used to control the flow (see

Figure. 2a), so that the flow rate in the neutralizer was 5.32
L/min, which is near the recommended maximum flow rate for
the neutralizer (5 L/min).1 In these experiments, the FIMS can
be operated without the neutralizer because the particles will
already be charged after they passed through the neutralizer up-
stream of the DMA; however, the kernel in the FIMS inversion
routine must be adjusted to account for the difference in the
charge distribution, as explained by Olfert et al. (2008). A re-
strictor is needed in front of the entrance into the FIMS separator
to dampen pressure oscillations in the separator. Since the vol-
ume of the separator is large and the aerosol flow rate is small,
small pressure fluctuations in the separator can cause large fluc-
tuations in the aerosol flow rate, which can cause large errors in
the measured number concentration.

The frequency response of the FIMS was found by measuring
a size distribution that was diluted in such a way that the num-
ber concentration of the aerosol varied sinusoidally (see Figure.
4b). The frequency response can be used not only to determine
the time constant of the instrument but also to verify that the
time correction for the particle transit time from slit entrance
to the detection plane is accurate. When the aerosol is diluted,
the distribution parameters GMD, GSD, and SKW will remain
constant. As the smearing effect is caused by non-uniform flow
inside the inlet, it is independent of particle size. As a result,
the shape of the particle size distribution at the separator slit
will also remain constant. If the correction of the particle transit
time from the entrance slit to the detector is accurate, the dis-
tribution parameters derived using the standard inversion will
remain constant despite the smearing effect of inlet. Therefore,
the measured GMD, GSD, and SKW signals can be analyzed to
verify the accuracy of the correction. In the experimental set-up,
the aerosol was generated and dried using the same method as
above. A wide aerosol size distribution was selected by pass-
ing the aerosol through a DMA (Model 3081; TSI Inc.) with a
sheath flow rate of 2 L/min and an aerosol flow rate of 2 L/min.
The peak of the distribution was set to 48 nm with the DMA.
The aerosol was diluted with the system shown in the figure,

where the blower was used to dilute the aerosol in a sinusoidal
manner. The blower was controlled in a feedback PID control
system implemented in LabVIEW, using a calibrated flowmeter
(V-10LPM-O; Alicat Scientific). In such a dilution system, it can
be shown that the required dilution flow rate through the blower
(Qd ) to produce a sinusoidal change in the number concentration
is,

Qd = Qd,max + Qd,min

2
− Qd,max − Qd,min

2
cos(2π fdt), [8]

where fd is the frequency of the sinusoidal dilution, and Qd,max

and Qd,min are the maximum and minimum dilution flow rates,
respectively. The maximum and minimum dilution flow rates
used in this work were 1.9 L/min and 1.5 L/min, respectively.
The maximum frequency that could be controlled in this manner
was 0.33 Hz. As before, additional dilution flow was added to
the aerosol to ensure that the flow in the tube to the instruments
was turbulent.

In both set-ups, the FIMS was operated with the operating
conditions shown in Table 1. Images were recorded with a fre-
quency of 10 frames per second (10 Hz). To improve counting
statistics, two frames worth of data were combined for the inver-
sion of each size distribution (see Olfert et al. 2008). Therefore,
the FIMS data is shown in time steps of 0.2 s. The number
concentration measured by the CPC 3025A was determined by
recording the pulses (from the ’PULSE OUTPUT’ BNC con-
nection on the back of the CPC) in a LabVIEW data acquisition
system and averaging over a time step of 0.2 s.

5. EXPERIMENTAL RESULTS AND DISCUSSION

5.1. Verifying the Correction for the Particle Transit
Time in the Separator and Condenser

One goal of this work is to verify that the time correction
for the particle transit time from the separator entrance to the
detection plane is accurate. This can be done by examining the
size distribution parameters derived from the standard inver-
sion as an aerosol is rapidly diluted. When an aerosol is diluted
sinusoidally the number concentration rapidly increases and de-
creases but the size distribution parameters of the aerosol (e.g.,
GMD, GSD, and SKW) will remain constant. The smearing of
the aerosol in the FIMS inlet is independent of the particle size;
however, the transit time in the separator and condenser is a func-
tion of the particle electrical mobility. Therefore, if the transit
time is not corrected, the measured distribution parameters will
change with the dilution. If, however, a correction of the particle
transit time from the slit to the detector is used, as it is in the
standard inversion, and it is accurate, then the measured size
distribution parameters will remain constant with time.

Figure. 5a–b shows the total aerosol number concentration as
a function of time and the size distribution at t = 5 s measured by
the FIMS; respectively, for the aerosol diluted at fd = 0.33 Hz
(the highest frequency used in this work).



8 J. S. OLFERT AND J. WANG

FIG. 5. (a) Number concentration measured by the FIMS for sinusoidal dilution of a size distribution with a frequency of 0.33 Hz; and (b) the size distribution
of the aerosol at t = 5 s. (c)–(e) The frequency spectrum of the GMD, GSD, and SKW about their mean (i.e., yGMD(t) = GMD(t) − GMD; where |YGMD( f )|
is the single-sided amplitude spectrum of yGMD(t) determined by fast Fourier transform (FFT)) of the measured distribution with the standard inversion (labeled
’Standard’) and without the time correction used in Equations (1) and (2) (labeled ‘Uncorrected’).

Figure. 5c–e shows the frequency spectrum of the GMD,
GSD, and SKW of the measured size distribution over the same
time period, when the standard inversion is used and when the
time correction discussed in Sec. 3.1 is not used (labeled ‘un-
corrected’). The frequency spectrum is determined by taking the
Fourier transform or FFT of each time series for each parameter
about its mean. For reference, a representative random error is
also shown on the frequency spectrum, which was defined as
the mean spectrum amplitude plus one standard deviation. If the
measured parameters were changing with respect to the dilution
frequency, one would notice a spike in the frequency spectrum
at the dilution frequency, fd (in this case fd = 0.33 Hz). First,
considering the standard inversion, there seems to be little cor-
relation with the dilution frequency and changes in the GMD,
while there is a small correlation with GSD and SKW with the
dilution frequency. For comparison, the frequency spectrum of
the data without the time correction is shown. It is apparent in
this case that the GMD, GSD, and SKW oscillate at the dilution
frequency. This is expected since the particle transit time inside
FIMS is size-dependant (see FIG. 3), which leads to changes
in the shape of size distribution. The error in the distribution
parameters can be quantified by dividing the amplitude of the
parameter at the dilution frequency (e.g., |YGMD( fd)|) by the
mean parameter value (e.g., GMD).

Figure. 6 shows the percent error in each of the variables over
the range of dilution frequencies. The representative random
error is also plotted for comparison (the uncertainties and error
bars reported through out this work are one standard deviation of
the data from three repeated tests). The figure shows that for the
standard inversion, the error in the parameters is only slightly

above the random error in only the case with the fastest dilution.
This shows that Equations (1) and (2) (used in the standard
inversion) describe the particle transit time quite accurately.

5.2. Time constant of the FIMS
The time constant of the FIMS inlet is needed to understand

the errors associated with transient measurements and to tem-
porally de-convolve the data. Since the transit time correction is
used to calculate the time the particles enter the separator, the
only source of time delays and smearing will be in the FIMS
inlet. Therefore, if we experimentally determine the total time
constant of the FIMS using the standard inversion (the inver-
sion using the transit time correction), then that total time con-
stant will simply be the time constant of the FIMS inlet. One
method used to determine the time response of an instrument
is to observe the response of the instrument to a step change in
the instrument input. Quant et al. (1992), Buzorius (2001), and
Wang et al. (2002) used this technique to find the time response
of various condensation particle counters.

Figure. 7 shows the response of the CPC 3025A and the
FIMS with and without the neutralizer, to a step change in the
number concentration. The experimental data were fit with an
exponential decay, which is the expected response of a first-order
instrument to a step-change:

Nout

N0
= e−(t−t0)/τ [9]

where Nout is the aerosol concentration measured by the instru-
ments, N0 is the aerosol concentration before t0, where t0 is
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FIG. 6. Measured error in the distribution parameters GMD, GSD, and SKW as a function of the dilution frequency.

the time the step in concentration is first detected. For FIMS
measurements, N is calculated by integrating the size distribu-
tion derived using the standard inversion. The data was fit using

FIG. 7. Response of the FIMS and CPC to a step-change in aerosol number
concentration. The solid lines represent the fit of the data to Equation (9).

Equation (9) with a chi-squared minimization technique, where
t0 and τ were adjustable parameters. The time constants deter-
mined in this way were: 0.14 ± 0.02 s for the CPC 3025A,
0.76 ± 0.10 s for the FIMS without the neutralizer, and 1.69 ±
0.10 s for the FIMS with the neutralizer. Buzorius (2001) also
determined the time constant of the CPC 3025A to be 0.14 s us-
ing the same technique, while Quant et al. (1992) measured the
time constant of a CPC 3025 to be 0.27 s using a slightly differ-
ent technique.2 Wang et al. (2002) used a spark-source aerosol
generator and measured the time constant of 0.174 ± 0.005 s for
a CPC 3025. For comparison, the time constant of the CPC 3010
(TSI Inc.) as determined by Buzorius (2001), is also shown on
the figure and is similar to the time constant of the FIMS without
the neutralizer.

It is immediately obvious from the figure that the time re-
sponse of the FIMS is much slower when the neutralizer is used.
As mentioned above, this is due to the mixing of the aerosol in
the neutralizer due to its shape. The current neutralizer used in
the FIMS is designed to be used with a DMA or SMPS system,
where the smearing due to the neutralizer is not usually important
given the slow response of SMPS systems. In practice, a FIMS
neutralizer could be designed where mixing was minimized.
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Another important aspect of Figure. 7 is that the theoretical
response of a first-order system (Equation [9]) fits the FIMS
data well (the increasing scatter from the fit at lower particle
concentrations is due to decreasing counting statistics). This
shows that the response of the FIMS is close to that of a first-order
instrument. Therefore, the response function shown in Equation
(7) will provide a good representation of the response of the
instrument for the temporal de-convolution.

Another technique to determine the time response of an in-
strument is to measure the attenuation of a sinusoidal input as
the function of the frequency of the input. It can be shown (see
Doebelin (1966) for example) that the frequency-response of an
ideal first-order instrument will be,

Nout

Nin
= K√

(2π fdτ )2 + 1
� tan−1(−2π fdτ ), [10]

where K is the steady-state gain of the instrument (K = 1 for
the FIMS and CPC), and Nout and Nin are the output and input
aerosol concentration of the instrument, respectively. Equation
(10) shows that for larger time constants the amplitude ratio
(or the magnitude of Equation (10) decreases; this is known
as attenuation. Furthermore, as the time constant increases the

FIG. 8. Normalized number concentration (Nout/N out) measurements of the FIMS (without the neutralizer) at four dilution frequencies.

phase angle (or the delay between the input and output signal)
increases.

Figure. 8 shows the response of the FIMS to a sinusoidal input
that was created by diluting an aerosol that was pre-classified
with the DMA. The number concentration from the FIMS stan-
dard inversion is normalized (Nout/N out) and fit with a sine wave
using a chi-squared minimization technique; both the raw mea-
surements and the fit are shown in the figure. For comparison,
the input aerosol concentration is shown, where the amplitude
of the input was determined experimentally by measuring the
aerosol concentration at Qd,max and Qd,min; and the phase angle
between the measured response and the input was determined
from Equation (10). The figure shows that as the dilution fre-
quency ( fd) increases, the amplitude of the measured concen-
tration decreases and the phase angle increases.

Figure. 9 shows the frequency-response curve of the CPC
3025A and the FIMS with and without the neutralizer. The
frequency-response curve shows that the concentration ratio
(or the magnitude of Equation (10); |Nout/Nin|) decreases as
the frequency of the dilution increases. For instruments with
high time constants the attenuation can be quite substantial. For
example, at a frequency of 0.33 Hz, the FIMS signal was atten-
uated 56% when the neutralizer was not used and 82% when
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FIG. 9. Frequency-response curves of the CPC 3025A and FIMS with and
without the neutralizer. (Solid lines represent the fit of the data. Dashed lines
represent the frequency-response of instruments with the time constants found
with the step-change experiment.)

the neutralizer was used. The lines in the figure represent the
theoretical frequency-response from Equation (10) with various
time constants. The solid lines represent the fit of the experi-
mental data with the theory and the dashed lines correspond to
the time constants that were determined using the step-response
experiment described above. The time constants determined
from the fit of the frequency-response data were: 0.17 ± 0.01
s for the CPC 3025A, 1.02 ± 0.05 s for the FIMS without the
neutralizer, and 2.47 ± 0.14 s for the FIMS with the neutralizer.
It is apparent that the experimental data fits the theoretical
response well; however, the time constants determined from this
frequency-response data are larger than those determined from
the step-response data. This could be caused by two factors; (1)
the dilution system may cause some additional smearing which
is not observed in the step-response set-up, and (2) the instru-
ments are not perfectly first-order. Buzorius (2001) measured
the frequency-response of a CPC 3025A and a modified CPC
3010 using a different method.3 He also found that the time con-
stant determined with the frequency-response experiments were
larger for the CPC 3010 than the time constant determined with
the step-response experiment. Although the time constants deter-
mined from this frequency-response data are greater than those
determined from the step-response data it is interesting to note
that time constant measured by Wang et al. (2002) for the CPC
3025 (0.174 ± 0.005 s) agrees well with the frequency-response
time constant measured in this work with the CPC 3025A
(0.17 ± 0.01 s).

5.3. Temporal De-Convolution of—FIMS Data
For measurements of rapidly changing aerosols, the smearing

effect of the FIMS inlet can cause errors in the measured size
distribution using the standard inversion because the aerosol
sampled at one instant will enter the slit entrance over a period

of time. The magnitude of this transient error will depend on
the rate of change of the particle concentration. This will cause
errors, not only in the distribution’s number concentration, but
also in its determined shape. By de-convolving the time series
of number concentration measured in each size bin, the transient
error is greatly reduced (ideally to zero) and the determined size
distribution will be much closer to the actual distribution.Section
3.2 described the method that can be used to temporally de-
convolve the number concentration in each size bin. This method
was used on the FIMS data recorded in the frequency-response
measurements described above.

Figure. 10 shows an example of the temporally de-convolved
FIMS data with a dilution frequency of 0.2 Hz. The figure shows
the data both before and after temporal de-convolution is ap-
plied using the method described above with a time constant
of τ d = 1.0 (where τ d represents the time constant used in
the de-convolution algorithm). The time constant of the FIMS
is approximately 1.0 s (as determined from the frequency-
response experiment), so using a de-convolution time constant of
τ d =1.0 s should reconstruct the actual aerosol input. Figure 10b

FIG. 10. Example of the temporally de-convolved FIMS measurements (with-
out the neutralizer) for an aerosol distribution diluted at a frequency of 0.2 Hz.
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FIG. 11. Frequency-responses of the FIMS (without the neutralizer) both be-
fore and after temporal de-convolution is applied with a time constant of 1.0 s.
(Solid lines represent the theoretical frequency-response of an instrument with
a time constant of τ -0 s and τ -1.02 s, respectively.)

shows that the amplitude and phase of the result from time de-
convolved inversion is very close to the actual input.

Figure. 11 shows the frequency-response curves for the FIMS
(without the neutralizer) both with the standard inversion and
with the time de-convolved inversion over a range of dilution
frequencies. The figure shows that the frequency-response of
the FIMS is close to 1 when the time de-convolved inversion
is used. As mentioned in Sec. 3.2, one potential problem with
temporal de-convolution of the data is that random noise in the
measurement is amplified. Inset in each sub-figure in

Figure. 10 are the standard deviation of the size distribution
parameters, σ , (N , GMD, GSD, and SKW) of the examples. (In
the case of N , it is the standard deviation from the fit of the data;
the other parameters will remain constant with time.) Comparing
the standard inversion to the time de-convolved inversion, one
can see that the standard deviations in the distribution parameters
nearly double. It should be noted that the error in the measured
size distribution will depend on the size distribution and the rate
of change of the aerosol. For example, if the aerosol concentra-
tion was rapidly increasing, the contribution of previous time
bins to the current time bin would be small and the noise in the
time de-convolved inversion would be small. If, however, the
aerosol concentration was rapidly decreasing the contribution
of previous time bins to the current time bin would be relatively
large and the noise in the time de-convolved inversion would
be larger. Therefore, temporal de- convolution of data should be
used with caution and only when the benefit of the reduction in
the transient error outweighs the increase in the random noise.

In addition to the aerosol with sinusoidal variation in its con-
centration, the response of the FIMS to another type of tran-
sient aerosol, of which the fractional change rate of the particle
concentration is constant, was studied. The transient error of
the FIMS measurement using the standard inversion can be ex-

pressed as a function of the fractional change rate of the concen-
tration, in other words, the response of the instrument to an expo-
nential change in the aerosol number concentration (�lnN /�t).
The transient error of a general first-order instrument to an ex-
ponential ramp in the input signal is presented in Appendix A.
The analysis shows that after an initial transient period, the rel-
ative transient error of the instrument (Nout/Nin) to an exponen-
tially changing concentration reaches a steady-state value (see
Figure A.1).

Figure. 12 hows the theoretical relative transient error of the
CPC and FIMS to a steady exponential increase and decrease

FIG. 12. Theoretical response of a first-order instrument to an (a) exponential
increase and (b) exponential decrease in input with various time constants.



DYNAMIC CHARACTERISTICS OF AN AEROSOL SPECTROMETER 13

in the number concentration (�lnN /�t). As was seen in the
frequency-response curve, smaller values of τ will result in less
transient error. This information can be used as a guideline for
determining if the time de-convolved inversion is needed. This
can be done by analyzing the number concentration measured
by the instrument to see if the fractional rate change in the num-
ber concentration will cause a significant transient error. For
example, for an exponential increase of �lnN /�t = 0.11 s−1

with a FIMS with a time constant of τ = 1.02, the transient
error will be 10% (see Figure 12a). Therefore, if faster change
rates are measured then the transient error will be higher and
the time de-convolved inversion should be used. If the time de-
convolved inversion is used, the solution should be compared to
the standard inversion to determine if the benefit of the reduc-
tion in the transient error outweighs the increase in the random
noise. As an example we can consider the frequency-response
data shown in Figure 10. An analysis of the experimental data
shown in Figure 10a reveals that the maximum fractional rate of
change in the measured signal is 0.61 s−1. In reality the actual
fractional rate of change maybe higher than the measured rate
change if the concentration change is brief and the instrument
did not have time to reach the steady-state value of the rela-
tive transient error. In this particular example, the actual input is
known and the maximum fractional rate of change is 0.62 s−1,
which is slightly above the measured value. In any case, the
measured fractional rate of change indicates that there will be
significant transient error (approximately 40%; see Figure 12a)
and therefore the data should be temporally de-convolved. By
comparing the standard inversion to the time de-convolved in-
version in Figure 10, it is apparent that the time de-convolved
inversion captures the change in the particle concentration with
a relatively modest increase in the random noise, and therefore
using the time de-convolved inversion was justified.

6. SUMMARY
It is necessary to know the dynamic characteristics of an

instrument so that the errors associated with transient measure-
ments are known and so that the data can be corrected. The time
response of the FIMS is limited by the smearing of the aerosol
in the inlet and also due to the difference in transit times of par-
ticles from the FIMS slit entrance to the detection plane. It was
shown experimentally that the difference in transit times could
be accurately corrected by using a simple model of the parti-
cle trajectories. For transient measurements, the time constant
of the FIMS inlet is needed to understand the errors associ-
ated with the smearing effect and to temporally de-convolve the
data. The time constant of the FIMS inlet and a CPC 3025A was
determined by measuring both the step-response and frequency-
response of the instruments. The time constants determined from
the step-response were: 0.14 ± 0.02 s for the CPC 3025A, 0.76 ±
0.10 s for the FIMS without the neutralizer, and 1.69 ± 0.10 s for
the FIMS with the neutralizer. The time constants determined
from the instrument frequency-response were: 0.17 ± 0.01 s for

the CPC 3025A, 1.02 ± 0.05 s for the FIMS without the neu-
tralizer, and 2.47 ± 0.14 s for the FIMS with the neutralizer.
Discrepancies between these two measurements maybe due to a
small amount of additional smearing in the dilution system used
in the frequency-response experiment, or perhaps the FIMS in-
let is not an ideal first order system. The frequency-response
curve of the FIMS shows that the attenuation of the number
concentration is significant at high frequencies. For example, at
a frequency of 0.33 Hz, the FIMS signal was attenuated 56%
when the neutralizer was not used and 82% when the neutral-
izer was used. It was shown that the attenuation (or the transient
error) could be eliminated by de-convolving the time series of
particle measurements. However, random noise is amplified in
the measurement when the time de-convolved inversion is used.
Therefore, temporal de-convolution of data should be done with
caution and only when the benefit of the reduction in the transient
error outweighs the increase in the random noise. As a guideline
to determine if the temporal de-convolution of the FIMS data
is needed, the fractional rate of change in the measured number
concentration can be analyzed to see if the rate exceeds some
limit corresponding to an unacceptable level of transient error. If
this limit is exceeded, the data should be analyzed with the time
de-convolved inversion and the transient and the random errors
can be compared to see if a more accurate size distribution is
constructed.

NOTES
1. Ideally, the flow rate in the neutralizer would be 5 L/min to ensure that

the aerosol had sufficient residence time to become fully neutralized, yet short
enough to minimize mixing. However, due to the limited selection of orifices
on hand, the nearest flow rate that could be achieved in the neutralizer was 5.32
L/min. This higher than recommended flow rate may result in the aerosol not
achieving complete charge equilibrium, which might result in a small shift in
the measured distribution. However, this is not important in this work since
the absolute value of the measured distribution is not important, but rather the
measured change in the distribution.

2. Quant et al. (1992) report a ‘time to 5%’ of 0.8 s for step-change down in
the input concentration. This equates to a time constant of 0.27 s for a first-order
instrument. The step-change was produced by sampling ambient and particle-
free filtered air through an electrically-operated three-way valve.

3. Buzorius (2001) measured the frequency response of the CPCs by us-

ing two DMAs. The first DMA was fixed to provide a steady-state triangular

aerosol distribution, which was then classified by a second DMA, with a nar-

rower transfer function, whose voltage was sinusoidally oscillated between the

peak concentration and a lower concentration.
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APPENDIX A. THE RESPONSE OF A FIRST-ORDER
INSTRUMENT TO AN EXPONENTIALLY
CHANGING INPUT

The response of first-order instruments to step, ramp, im-
pulse, and sinusoidal inputs are given in Doebelin (1966). How-
ever, for aerosol instrumentation, one would like to know the
response of an instrument to aerosol concentrations that are
changing exponentially, since an exponential change in num-
ber concentration represents a constant increase in the fractional
change of the concentration with respect to time. This appendix
derives the response of a first-order instrument to an input that
is changing exponentially. A first-order instrument is defined as
an instrument that follows the equation,

τ
dqout

dt
+ qout = K qin, [A.1]

where, qin is the instrument input, qout is the instrument output,
τ is the time constant of the instrument, and K is the static
sensitivity, that is the amount of output per unit input when
the input is steady. The response of the instrument, qout, can
be determined by solving the differential equation for various
inputs.

An exponential change in the input can be expressed as,

qin = q0 exp[c1(t − t0)], [A.2]

where q0 is the initial input, t is the time, t0 is the time the
exponential change began, and c1 is an arbitrary constant. If we
consider that the input has changed to a new value, qf, at some

time t = t0 + �t , then the equation becomes,

qin = q0 exp

[
ln(qf/q0)

�t
(t − t0)

]

= q0 exp

[
� ln q
�t

(t − t0)

]
. [A.3]

Equation (A.1) can be solved using the method of undeter-
mined coefficients where the solution is found by the superposi-
tion of the general solution of the homogeneous equation and the
particular equation. The general solution of the corresponding
homogenous equation is,

qout,g = c2 exp[−(t − t0)/τ ], [A.4]

where c2 is an arbitrary constant.
To find the particular solution, we can guess a solution of the

form,

qout,p = c3q0 exp

[
� ln q
�t

(t − t0)

]
, [A.5]

where c3 is a constant. The constant c3 is determined by sub-
stituting Equations (A.3) and (A.5) into Equation (A.1). This
results in the particular solution,

qout,p = K

τ
� ln q
�t + 1

q0 exp

[
� ln q
�t

(t − t0)

]
. [A.6]

Therefore the general solution to Equation (A.1) will be,

qout = qout,g + qout,p = c2 exp[−(t − t0)/τ ]

+ K

τ
� ln q
�t + 1

q0 exp

[
� ln q
�t

(t − t0)

]
. [A.7]

The constant c2 is found using the initial condition that at t = t0,
qout = q0, resulting in,

qout = qout,g + qout,p =
(

1 − K

τ
� ln q
�t + 1

)
q0 exp[−(t − t0)/τ ]

+ K

τ
� ln q
�t + 1

q0 exp

[
� ln q
�t

(t − t0)

]
[A.8]

The ratio between the instrument output and the instrument
input (or the relative transient error, or the relative error due to
the transient input) is,

qout

qin
=

(
1 − K

τ
� ln q
�t + 1

)
exp

[
−

(
� ln q
�t

+ 1

τ

)
(t − t0)

]

+ K

τ
� ln q
�t + 1

. [A.9]



ARACTERISTICS OF AN AEROSOL SPECTROMETER 15

FIG. A1. Response of a first-order instrument to an (a) exponentially increasing and (b) exponentially decreasing ramp function. (Note: The y-axis is on a
logarithmic scale.)

Figure A.1 shows the response of a first-order instrument to
an input that is exponentially increasing or decreasing. In this
example (and for the FIMS and CPC) the static sensitivity is
unity (K = 1). The figures show that after an initial transient
period, the instrument output will rise or fall at the same rate
as the instrument input. Therefore, after some time, the rela-
tive error due to a transient input will approach a constant or
steady-state value (i.e., the relative error will remain constant
with respect to time even though the input signal is transient).
For an exponentially increasing signal (�lnq/�t > 0), the con-
tribution of the first term in Equation (A.9) decreases in time and
the relative transient error (qout/qin) approaches K/(τ � ln q

�t + 1).
The steady-state relative transient error for an exponentially in-
creasing signal is plotted in Figure 12a as a function of the

rate of change (�lnq/�t) for the time constants of the CPC
3025A and the FIMS. For an exponentially decreasing signal
(�lnq/�t < 0), finding the steady-state relative transient error
is complicated by the fact that the contribution of the first term
in Equation (A.9), may increase with respect to time, depending
on the values of τ and �lnq/�t. Therefore, a pseudo steady-
state relative transient error was determined by calculating the
relative transient error when the logarithm of the slope of the
output signal (qout) reached 95% of the logarithm of the slope

of the input signal (qin), i.e., when d(ln qout)
dt

= 0.95d(ln qin)
dt

. Fig-
ure 12b shows the pseudo steady-state relative transient error
for an exponentially decreasing signal as a function of the rate
of change for the time constants of the CPC 3025A and the
FIMS.




